Barley is the cornerstone of the malting and brewing industry. It is known that 250 quantitative trait loci (QTLs) of the grain are associated with 19 malting-quality phenotypes. However, only a few of the contributing genetic components have been identified. One of these, on chromosome 4H, contains a major malting QTL, QTL2, located near the telomeric region that accounts, respectively, for 28.9% and 37.6% of the variation in the β-glucan and extract fractions of malt. In the current study, we dissected the QTL2 region using an expressionand microsynteny-based approach. From a set of 22 expressed sequence tags expressed in seeds at the malting stage, we identified a candidate gene, TLP8 (thaumatin-like protein 8), which was differentially expressed and influenced malting quality. Transcript abundance and protein profiles of TLP8 were studied in different malt and feed varieties using quantitative PCR, immunoblotting, and enzyme-linked immunosorbent assay (ELISA). The experiments demonstrated that TLP8 binds to insoluble (1, 3, 1, 4)-β-D glucan in grain extracts, thereby facilitating the removal of this undesirable polysaccharide during malting. Further, the binding of TLP8 to β-glucan was dependent on redox. These findings represent a stride forward in our understanding of the malting process and provide a foundation for future improvements in the final beermaking process.
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Hordeum vulgare | malting | β-glucan | quantitative trait loci | thaumatin-like protein T haumatin-like proteins (TLPs), also designated "pathogenesis-related" (PR) proteins, represent a complex gene family involved in a broad range of defense and developmental processes in plants, fungi, and animals (1) . TLPs share sequence similarity with thaumatin, an intensely sweet-tasting disulfide protein originally identified in the fruit of the shrub, Thaumatococcus daniellii (2) . In plants, TLPs are members of an inducible protein cascade that includes 17 families of pathogenesis-related proteins, PR-1 to PR-17. Their synthesis in plants is triggered mainly in response to biotic and abiotic stresses but is also developmentally regulated, particularly during fruit ripening (3) . Additionally, TLPs are present constitutively in different plant organs, including grain (4) .
TLPs have a molecular mass ranging from 21 to 26 kDa and are highly conserved with antiparallel β-sheets and five to eight disulfide bridges formed from conserved cysteines (5) . The disulfide bridges are required for correct folding and stability under high temperature or low pH conditions (6) . During evolution, TLPs have assumed wide functional diversification, possibly because of their interaction with numerous ligands, such as actin, ice crystals, fungal proteins, and antifreeze proteins. Their functions in plants include antifungal activity (7) , freezing tolerance, and protection against osmotic stress (8) . Other features include binding to proteins, such as viral CMV-1 protein, yeast glycoproteins, and G protein-coupled receptor (GPCR), to hormones, such as cytokinins (5) , and to glucanase (9) and xylanase (10) . TLPs with diverse properties have been identified in moss (Physcomitrella), algae (Chlamydomonas), and several land plants (rice, maize, poplar, Arabidopsis) in addition to barley (11) .
TLPs are known to be expressed in germinating grain (12, 13) but are not known to play a role in malting-an area of general interest in efforts to understand the 5,000-y-old brewing process. The malting process in beer production involves controlled germination of barley during which hydrolytic enzymes are synthesized and the cell walls, proteins, and starch of the endosperm are largely digested, making the grain more friable for obtaining high-quality malt.
Improved knowledge of the genetics and biochemistry of barley grain has been a major goal of plant breeders in their quest to identify superior traits for malting. Generally, varieties possessing characteristics, such as high levels of starch-degrading enzymes and low protein content, have been used for malting, and varieties lacking these traits have been relegated to feed production (14) .
Glucan (1,3;1,4-β-D) (hereafter "β-glucan") and arabinoxylans are the major components of the nonstarch polysaccharides of barley grain endosperm (15) . A low β-glucan content has been considered desirable for malting (16) . Excessive amounts lead to the formation of highly viscous wort (the sugar-rich liquid formed before fermentation), a diminished rate of wort filtration, and the formation of undesirable haze (17) . Manipulation of malting quality traits, such as extent of malt extraction, diastatic power, and yield of β-glucan and β-glucanase, is challenging for geneticists and breeders alike because of complexities in inheritance and difficulties in evaluation. Measuring malting quality is also laborious and costly, thus limiting its use in cultivar development and attempts to improve this trait (18, 19) .
To date, genetic investigations of malting traits have involved studying quantitative trait loci (QTLs) with the result that more than 250 of these gene sets have been located on the seven barley
Significance
The process of malting in the making of beer is under fine biological regulation. Here, we report the dissection of a malting quality quantitative trait locus (QTL) known for its association with variation in the yield of β-glucan and malt extract. A key gene, HvTLP8, has been identified in the QTL2 region that is expressed differentially in barley malt and feed varieties, based on analyses of both mRNA and protein. The present finding that the affinity of recombinant HvTLP8 for insoluble barley β-glucan is redox-dependent suggests a key role for redox in the malting process. This discovery represents a significant step forward in understanding the biochemistry of malting.
chromosomes (20) . Among these, QTL2 is a major component, contributing ca. 29-38% to the variation of β-glucan content and extracted malt, respectively (21) . QTL2 is accommodated on the telomeric region of the short arm of chromosome 4H and is located at 15.8 cM (18, 19) .
A major focus of our interest lies in identifying QTL2 genes in an effort to understand and potentially improve the malting process. We now report that one such gene, TLP8, harbors a carbohydrate-binding domain that binds β-glucan tightly in a reaction dependent on redox. In this way, TLP8 lowers the content of β-glucan, thereby enhancing malt quality.
Results
Barley QTL2 Has Synteny with Rice Chromosome 3L. To gain insight into the barley counterpart, we investigated the microsynteny of the corresponding chromosome region of rice (3L). QTL2 spans a region of 15.2 cM in the telomeric region of chromosome 4H; the syntenic region of rice has a corresponding 1.795-Mbp (base pairs 25328757-27123813) coverage on chromosome 3L ( Fig. 1 A and B) . We found that nearly 80% of markers mapped in QTL2 maintain colinearity with 3L of rice. More than 100 predicted genes were detected in the syntenic region of rice. Each was analyzed using BLAST tools from various expressed sequence tag (EST) databases [HarvEST, National Center for Biotechnical Information (NCBI), and Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) Crop EST Database]. Based on this analysis, 22 candidate rice genes were identified that might be involved in malting-related traits, thereby allowing retrieval of the corresponding barley genes (Fig. 1C) . Putative functions of the candidate genes were assigned using BLASTx analysis, and their map location and presumed functions were investigated (Table S1 ). Based on its functional relationship to germination and malting and expression analysis, a TLP was identified as having a possible role during the malting process.
Phylogenetic Relationship of Barley TLPs and Gene Structure of QTL2-Associated TLP8. Eight TLP genes (TLP1-TLP8) have been reported to function in disease resistance in barley (22) . Phylogenetic analysis of the TLP genes revealed two well-defined groups (I and II). In group I, TLP1 and TLP2 (each with 10 Cys residues) were found to be phylogenetically close to each other, whereas TLP3 and TLP4 (also with 10 Cys residues) were more diverged within the group (Fig. S1) . Interestingly, the number of Cys residues was also conserved in group II proteins: TLP5, TLP6, TLP7, and TLP8 (16 Cys residues each). Genetic mapping indicated that barley TLP3, -4, -5, -6, and -7 were clustered on the short arm of chromosome 5H, whereas TLP1, -2, and -8 were found on chromosome 7HL, 7HS, and 4HS, respectively (Table S2) .
The mRNA levels of the 22 candidate genes were compared in malting and feed varieties. Semiquantitative RT-PCR was performed in an initial screening of putative malting genes, and RNA samples extracted at different stages of malting were used as templates in subsequent analyses. Only TLP8 from 22 genes was expressed differentially across the malting and feed varieties, with higher levels of transcripts in malting and lower levels in feed varieties. TLP8, located in the QTL2 region of barley chromosome 4H, is 1,303 bp long and has a 74-bp 5′ UTR, a 461-bp 3′ UTR, and a 768-bp long coding sequence (cds) with no intron (Fig. 1D) . The TLP8 cds encodes a 255-a.a. polypeptide with a conserved carbohydrate-binding domain (GH64-TLP-SF, Pfam domain number PF00314) from amino acids 54-255 or 159-765 bp. An eight-a.a. (amino acids 108-115 or 322-345 bp), 24-bp-long, carbohydratebinding, structural motif located within the thaumatin signature (amino acids 102-119 or 304-357 bp) forms a β-hairpin that might play a role in carbohydrate binding. A motif search revealed that the surface-binding motif, PR-5 (CQTGDCGG; amino acids108-115), is exclusive to barley TLP1, -2, and -8 ( Fig. 1D and Table S2 ). Genetic analyses using the IPK barley database revealed a single copy of barley TLP8 in the genome.
Expression Profiles of Barley TLPs in Different Tissues. The available RNA-sequencing (RNA-seq) data provided information important for predicting the function of these genes. We conducted a comprehensive expression analysis of barley TLP genes to aid in understanding their role in regulating development. We did so by investigating their spatiotemporal expression pattern in the morexGenes-Barley RNA-seq database (https://ics.hutton.ac.uk/ morexGenes) (Fig. S2) . Expression of TLP2, -4, -5, -6, -7, and -8 was found to be higher in embryo (EMB), shoot (LEA), and root (ROO), implying their requirement in development of these tissues. These genes also showed higher expression in CAR15 tissue [developing grain, bracts removed; 15 days post anthesis (DPA)], suggesting that they may play a role in grain development. Expression of TLP3 was highest in CAR5 tissue (developing grain, bracts removed; 5 DPA). No expression of barley TLPs was detected in INF1 and INF2 tissue. Expression of TLP1, -4, and -5 was also elevated in NOD tissue (tillers at the six-leaf stage; third internode). Analysis of these results indicates that TLP gene expression during the different stages and in specific tissues might function in barley embryo and grain development.
TLP8 Is Highly Expressed in Barley Malting Varieties and Is Related
to Levels of β-Glucan. Among the eight barley TLPs, only TLP8 is associated with barley chromosome 4H-QTL2. Analysis of Morex RNA-seq data indicated that the gene is expressed in developing grain and embryo. Further analysis of the expression pattern of TLP8 was conducted with 16-h-imbibed seeds at different stages of germination using semiquantitative RT-PCR and qRT-PCR (Fig. 2) . This approach revealed a differential expression of TLP8 at different times of development in varieties used for malt (AC Metcalfe, Bentley, Morex) and those used for feed (Cowboy, Coalition, Steptoe). Its expression was highest in the initial 16 h of germination, decreased at 48 h, and showed almost no expression at 96 h. TLP8 had higher expression in malting varieties and lower expression in feed varieties ( Fig. 2A) . Overall, malting varieties showed approximately a threefold higher expression of TLP8 than feed varieties.
We also found a positive correlation between levels of TLP8 expression and the amount of β-glucan present at specific time points. The amount of β-glucan was determined in malt and feed varieties using well-established McCleary method (Megazyme) at different stages of germination (Fig. S3) . Malting varieties had slightly lower levels of β-glucan before germination than feed varieties (Fig. S3) . However, after 48 h of germination, the amount of β-glucan was reduced by ∼60% in malt varieties, compared with ∼20% in feed varieties. The corresponding reduction in β-glucan could be attributed to glucanase-type activity of TLP8, because other glucanases were not active in this time frame (16) .
Biochemical Assays for β-Glucan Binding. Immunoblots conducted to assess β-glucan binding revealed a slightly larger protein band of ∼300 Da in malt varieties relative to feed counterparts. This alteration in molecular mass was also evident using a glycosylation assay. Thus, under UV illumination, protein bands observed after binding showed high-intensity fluorescence in malting varieties and only weak-intensity fluorescence in feed varieties (Fig. S4) . Additionally, a glycosylation prediction program indicated that the carbohydrate-binding motif was potentially glycosylated.
In a final approach, we investigated binding of (1, 3) β-glucan (Pachyman polysaccharides) and (1, 3, 1, 4) β-D glucan (barley β-glucan) with enriched barley TLP fractions obtained by ammonium sulfate fractionation. Our analyses indicated that the enriched TLP fraction binds both types of carbohydrate and that binding was generally higher in malt varieties. These results prompted us to overexpress TLP8 in Escherichia coli for further characterization of binding and its specificity for β-glucan.
Role of Redox in Binding Recombinant Barley TLP8 to β-Glucan. TLP8 is a unique member of group II TLPs that contain 16 Cys residues ( Fig. 3 and Table S3 ). Cys-rich proteins with disulfide bonds, such as TLP8, are often linked to regulation by thiol/disulfide transitions (23) . This possibility prompted us to overexpress and investigate the redox properties of recombinant TLP8. We used an enzymelinked immunosorbent assay (ELISA) to examine the effect of redox agents on the binding of TLP8 to (1, 3) β-glucan (Fig. 4A ) and barley β-glucan (Fig. 4B) . Analysis of the results showed that binding to both β-glucans was diminished by reducing agents and enhanced with most oxidizing reagents tested. Thus, the binding of untreated TLP8 to β-glucan (38.2%) decreased significantly when exposed to the reductant, DTT (17.3%). A similar reduction in binding was observed when TLP8 was treated with reduced glutathione (GSH) and was maintained in the reduced (sulfhydryl) form with NAPDH and glutathione reductase (GR) (GSH+NADPH+GR) (18.9%) and β-mercaptoethanol (18.0%) ( Table 1) . Conversely, TLP8 binding was increased with oxidized glutathione (GSSG), dehydroascorbate, oxidized DTT, and hydrogen peroxide (H 2 O 2 ) but was not affected by the reductant sodium ascorbate or the oxidant sodium tetrathionate (Table 1) .
Binding of purified TLP8 to β-glucan was also examined in the presence of thioredoxin (Trx), reduced either with NADPH and NADP-thioredoxin reductase (NTR) (23) or DTT Binding of TLP8 to β-glucan was dramatically decreased with both forms of reduced Trx when TLP8 was treated with a combination of Trx, NTR, and NADPH (4.3%) or with DTT ( Fig. 4C and Table 1 ). Further, no decrease in binding was observed when TLP8 was treated with Trx alone.
Discussion
In the current investigation, we have identified a PR-5 (TLP) gene, TLP8, in the QTL2 region of barley chromosome 4H, a region known to be associated with malting traits (Fig. 1 A-D) . Barley contains eight TLPs (Table S2) , TLP1-TLP8, with apparent molecular masses ranging roughly from 15-26 kDa (22) and isoelectric points covering a broad pH range, from acidic (TLP1-TLP3) to weakly acidic (TLP4-5) to basic (TLP6-TLP8). The isoforms of barley PR-5 proteins have previously been shown to have antimicrobial and antifungal activity (24) .
Phylogenetic analyses revealed that barley TLPs clustered into two groups. TLP1, TLP2, TLP3, and TLP4 form group I, and TLP5, TLP6, TLP7, and TLP8 form group II (Fig. S1 ). TLP8 is a unique TLP member of group II with 16 Cys residues and a binding motif ( Fig. 3 and Table S2 ). The eight TLPs of barley have been found to be dissimilar in their genomic conformation, resulting in A B Tables S2 and S3 .
variations in their expression profiles, but all suggestive of a fundamental role in embryo development (Fig. S2) . Moreover, greater TLP8 gene expression was observed during germination at 16, 48, and 96 h in the malting varieties than in feed counterparts (Fig.  2B ). This pattern indicates a role for TLP8 during the active germination phase when starch and β-glucan are degraded. The higher transcript abundance of TLP8 in malting varieties would lead to enhanced accumulation of the protein, compared with feed varieties. A possible explanation for the differential regulation of TLP8 could lie in the presence of a W-box promoter sequence upstream of the gene. Regulatory consequences of these sequences have been reported for TLPs of rice (25) . Structural modeling of barley TLP8 using tobacco PR5d and zeamatin as references is in accord with its grouping with globular proteins. The predicted structure indicates that the protein consists of a flattened β-barrel adjacent to a flexible region. Further, it shows a large negatively charged cleft surrounded by an area rich in loops and coils that are stabilized by disulfide bonds. We conducted a systematic search of the TLP models to locate regions that might interact with (1, 3) β-D glucan (13) . The search suggested that the glucan could be docked at the primary polysaccharide-binding site (CQTGDCGG) located in the cleft (26) . In our study, this motif was observed exclusively in TLP1, -2, and -8 (Table S2) . Further, only TLP8, which has a high degree of binding specificity for β-glucan, mapped in the QTL2 region of chromosome 4H. The lower amounts of β-glucan found in malting varieties could result from the interaction of TLP8 with β-glucan (Fig. S2) . In this study we observed that, as germination progressed to 16 and 48 h, the amount of β-glucan decreased considerably in malting relative to feed varieties.
Binding of a carbohydrate moiety to proteins is a common phenomenon known as "glycosylation." We used a fluorescencebased technique to detect glycosylation in the malt and feed varieties analyzed. A strong glycosylation signal was perceived in malt varieties (Fig. S4) , reflective of the CQTGDCGG sugarbinding domain. To assess the relative binding capacity of (1, 3) β-glucan versus (1, 3, 1, 4 )-β-D glucan, we overexpressed TLP8 in E. coli and assayed the purified protein. We found that purified TLP8 bound both types of β-glucans (Fig. 4 A and B) .
Barley TLP8 belongs to the large (L-) type of TLPs that contain 16 conserved Cys residues. It is well documented that Cysrich proteins typically form disulfide bonds that may undergo redox transitions (23) . Moreover, a comprehensive survey identified TLPs as potential targets of the Trx system (27) . This finding prompted us to determine the effect of oxidants and reductants on TLP8 binding. As seen in Table 1 , binding was decisively altered by redox treatment. Thus, binding was decreased by treatment with strong reductants, whereas it was either unaffected or enhanced by oxidizing agents. Binding decreased most extensively with Thioredoxin-h (Trx h) that was reduced with either NADPH/NTR or DTT on the one hand and was increased most with dehydroascorbate, hydrogen peroxide, oxidized DTT, and GSSG ( Fig. 4C and Table 1 ). Based on these results, it would seem that the removal of β-glucans during malting would be facilitated under oxidizing conditions.
Changes in the biochemical environment within the grain, including subtle modulation of its oxidation-reduction state along with hormonal signaling, are very important for starch degradation and grain germination. The redox state of a biological system is necessary for its performance as many of the active constituent regulatory proteins are responsive to changes in the system's redox state (28) . It was thus important to determine how oxidizing or reducing agents affect the β-glucan binding activity of TLP8. A variety of redox reactions occur throughout the malting and brewing process. Although oxygen is required during germination and steeping, most postfermentation oxidation reactions are considered detrimental to beer quality. In this study, we observed that β-glucan binding to TLP8 is redox-dependent and its subsequent removal can be facilitated by oxidants or oxidizing conditions, suggesting a key role in the malting process. Therefore, maintaining oxidizing conditions during the germination and wort preparation steps by adding a suitable oxidizing agent could further improve beer quality. Contrariwise, reducing agents can be added at stages when oxygen would have a deleterious effect on quality.
The addition of reducing agents, such as cysteine·HCl, DTT, and β-mercaptoethanol, to malt and brewing mashes has been found to increase the amount of soluble protein, free amino nitrogen, and extract values of the resultant worts (29) . This effect was abolished by the addition of oxidizing agents, such as diamide and hydrogen peroxide. Taken together, current results suggest that major aspects of the malting and brewing process can be altered by adjusting the TLP8/β-glucan interaction by modifying redox conditions.
Reduced Trx h has been proposed to facilitate postgermination processes of cereals. The protein functions in the deactivation A B C The control system contained 25 μg recombinant protein (TLP8) and 2.5 mg 1, 3;1, 4-β-D glucan. The other components were added as indicated: 5 μg Trx; 1 mM DTT; 5 mM DTT oxidized ; 7.5 ug NTR; 0.25 mM NADP; 10 mM GSH; 20 mM H 2 O 2 ; 25 mM GSSG; 2.25 μg glutathione reductase. *P ≤ 0.05; **P ≤ 0.01 (Student's t test) .
of enzyme inhibitors, activation of hydrolytic enzymes, and enhancement in the solubility of storage proteins (30) . In wheat, it has been shown that the reduction of intramolecular disulfide bonds by Trx h promotes the degradation of major storage proteins in the imbibed seed (31) . Further, the regulation of the starch-degrading enzyme, pullulanase, by Trx h has been documented in germinating barley seeds (32) . Overexpression of Trx h in barley and wheat grains correlates with an accelerated rate of germination (33, 34) . It can be seen from our data that TLP8 has the potential to function in concert with Trx h activity in germinating barley.
Germination is key to the malting process. During this phase extensive cell-wall decomposition and enzyme production take place. Among other things, it is important for the movement of the endosperm-degrading enzymes into the starchy endosperm. Barley endosperm cell walls are composed of about 70% mixed linkage (1, 3, 1, 4 )-β-D glucan, which, if not properly degraded, will result in low yields of malt extract and the slow separation of wort during malting and brewing (15) . A lower amount of β-glucan during germination enables efficient malt extraction and filtration of wort. The rate of this modification is determined principally by the amount of β-glucan and other enzymes/proteins, which either degrade or sediment this nonstarchy carbohydrate of cell walls. Our experiments indicate that TLP8 lowers β-glucan during the breakdown of cell walls.
This finding has consequences for the beer-making process. Prior research has indicated that two uncharacterized barley TLP isoforms, HvPR5b and HvPR5c, tightly bind (1, 3) β-D glucan (13) . These TLP isoforms were found to bind only to water-insoluble (1, 3) β-D glucan, such as pachyman, curdlan, paramylon, zymosan, and Pleurotus ostreatus glucan, but not to chitin, pustulan, cellulose, or yeast invertase. It has been suggested that the binding of TLPs to these carbohydrates could be related to their antifungal activity (13) . However, in our study, binding of (1, 3, 1, 4 )-β-D glucan and TLP8 was revealed, possibly because of the substantial prevalence of this carbohydrate in barley grains, in which TLP8 may be involved in its regulation.
The current study has revealed that TLP8 resides in the QTL2 region of chromosome 4HS, a region known to be associated with malting quality traits such as content of malt extract and β-glucan (19) . Our proposed model centers on the function of TLP8 during malting (Fig. 5) . We have demonstrated that TLP8 binds (1, 3, 1, 4)-β-D glucan in a redox-dependent manner. Thus, binding was almost completely abolished by reducing agents and was enhanced by oxidants. Based on the present results, TLP8 emerges as a promising candidate gene for cultivar development to enhance the efficiency of malting. Because TLP8 binds to β-glucan, its down-regulation may also present an opportunity to enhance the amount of dietary fiber in cereals. Down-regulation of TLP8 could possibly negate or decrease its binding with (1, 3, 1, 4) -β-D glucan and potentially enhance β-glucan in the grains.
Materials and Methods
Candidate Gene Search and Bioinformatics. A comparative approach using flanking markers from the QTL2 region of barley chromosome 4H (HarvEST, harvest.ucr.edu/) and the corresponding regions on rice chromosome 3L (rice genome database, www.jcvi.org/cms/research/past-projects/rice-database/overview/) was used. All genes and gene models predicted in the rice syntenic region were analyzed for candidates involving malting traits. Primers designed from candidate genes were used to narrow down candidates to the genes differentially expressed in malting and feed varieties. Additionally, candidate gene sequences were retrieved using localization of Morex WGS contigs in the integrated physical and genetic map of barley [International Barley Genome Sequencing Consortium (IBGSC), 2012; ftp://ftpmips.helmholtz-muenchen.de/ plants/barley/public_data/]. To identify TLP genes in barley, we retrieved Arabidopsis TLP sequences (5) and used them as query to BLAST search in the PlantEnsembl (plants.ensembl.org/index.html), IPK (webblast.ipkgatersleben.de/barley_ibsc/), and NCBI (www.ncbi.nlm.nih.gov/) databases. Conserved domains (glycoside hydrolase family 64) among different species were obtained as described in ref. 35 using the NCBI conserved domain architecture retrieval tool and probable motifs using Motif Scan (myhits.isb-sib.ch/cgi-bin/motif_scan).
RNA Isolation, cDNA Synthesis, and qRT-PCR. Six commonly used barley malt (AC Metcalfe, Bentley, and Morex) and feed (Cowboy, Coalition, and Steptoe) varieties were obtained from Plant Gene Resources of Canada. All barley varieties were grown in the greenhouse for seed multiplication; RNA isolation was performed using mature barley grains. Seeds were surface sterilized with 70% ethanol and 4% NaOCl and were germinated in the dark on wet filter paper at 21°C for 16, 48, and 96 h. RNA extraction from seeds was carried out as described elsewhere (36) . For cDNA synthesis, a 500-ng sample of DNase-treated RNA was reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad).
qRT-PCR was performed as described by in Singh et al. (36) with two biological and three technical replicates for each sample. Relative expression was conducted following the manufacturer's recommendations with two reference genes (β-actin and GAPDH) and Brilliant III SYBR Green QPCR master mix (Agilent Technologies). Amplification was performed in a 20-μL reaction mixture containing 160 nmol for each primer, 1× Brilliant III SYBR Green QPCR master mix, 15 μM ROX reference dye, and 0.3 μL of cDNA template. The amplification conditions were 95°C for 10 min (hot start), followed by 30 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Fluorescence reading was taken at 72°C at the end of the elongation cycle. Primer sequences for RT-PCR were forward: AGCCGGAAATGGATATACTCG and reverse: AGCTCCTAAACTAGCGGTG and for qPCR were forward: CACATTGCCCAATTGTAGATAGC and reverse: AGCTCCTAAACTAGCGGTG. Analysis was performed using web-based, real-time PCR Miner software (ewindup.info/miner/data_submit.htm).
Barley TLP Gene Expression Analysis in Different Morex Tissues. We used Morex RNA-seq transcriptome data (International Barley Genome Sequencing 2012) with the related log2-transformed fragments per kilobase per million fragments measured (FPKM) values to study TLP gene-expression patterns in the eight different developmental stages, tissues, and inflorescence treatments. EMB was collected from 4-d embryos dissected from germinating grains; ROO was collected from the roots of the seedlings (10-cm shoot stage) and LEA was taken from shoots of the seedlings (10-cm shoot stage). INF1 was taken from young developing inflorescences (5 mm), INF2 was collected from developing inflorescences (1-1.5 cm), NOD was collected from developing tillers at the sixleaf stage (third internode), CAR5 was taken from developing grain (5 DPA), bracts removed, and CAR15 was taken from developing grain (15 DPA), bracts removed (International Barley Genome Sequencing 2012). The heat map of TLP gene expression was developed using the MeV tool (mev.tm4.org) with the average hierarchical clustering method.
Protein Purification, SDS/PAGE, Immunoblotting, and β-Glucan Content. For protein extraction, barley grains (1 g) from each variety was surface sterilized and germinated in the dark at 21 ± 2°C under aseptic conditions in a Petri plate with autoclaved Whatman filter paper. Germinated grains were ground with 10 mL of 50 mM sodium phosphate buffer (pH 7.0) and centrifuged at 15,000 × g for 15 min s at 4°C. The supernatant was subjected to ammonium sulfate fractionation, and the pellet obtained at 30-60% saturation was redissolved in 10 mL of 50 mM sodium acetate buffer (pH 5.0). For PAGE analysis, proteins were separated using 5% (wt/vol) polyacrylamide stacking and 15% resolving gels, using Mini-Protein gel assembly (Bio-Rad). Gels were stained with Coomassie Brilliant Blue R (Bio-Rad) in 25% (vol/vol) ethanol and 7% (vol/vol) glacial acetic acid and were destained in the same solution without dye. For Western blot analysis, proteins were transferred to PVDF membrane filters (Millipore), blocked with 5% nonfat dry milk for 1 h, and rinsed three times with Tris-buffered saline and Tween 20 (0.05% Tween-20) (TBS-T) buffer. The membrane was incubated with 1:1,000 thaumatin antibody (Abcam) overnight at 4°C, and further steps were carried out as described in ref. 37 . The amount of β-glucan at different stages of germination was determined using the β-glucan kit from Megazyme.
Heterologous Expression of HvTLP8 in E. coli. To express the putative mature TLP8 protein in E. coli, the ORF of barley TLP8 was codon-optimized and cloned into NdeI-and XhoI-digested pET28a (+) vector by GenScript, resulting in a translational fusion of the protein with six His residues at the N and C termini. This construct was transformed into E. coli strain BL21 competent cells. Expression of the protein and purification were performed as described in ref. 38 .
Binding Assay, ELISA, and Glycosylation. For binding assays, ammonium sulfate fractions of TLP proteins from different barley varieties and E. coli-expressed HvTLP8 were incubated with 5 mg of (1, 3) β-glucan (pachyman; Megazyme) and 2.5 mg of (1, 3, 1, 4) β-D glucan (BG; Sigma-Aldrich) in 50 mM sodium acetate buffer (pH 5.0), to a final volume of 0.5 mL The protein-polysaccharide mixture was incubated at 25°C for 30 min on an orbital shaker and then was centrifuged at 1,000 × g for 3 min. The supernatant was analyzed for unbound protein using an ELISA-based detection system as described in ref. 37 . Proteins bound to β-glucan were estimated by subtraction of residual protein in the supernatant from the values obtained in assays conducted without polysaccharide. The significance of the difference between the binding of normal and redox-treated TLP8 with β-glucan was evaluated by Student's t test. Glycosylation was performed using the Pro-Q Emerald 300 Glycoprotein Gel Stain Kit (Molecular Probes) following the manufacturer's guidelines.
Redox Treatments of E. coli-Expressed HvTLP8 and Binding with β-Glucan in Vitro. Pure barley (1, 3, 1, 4) β-D glucan (BG) was obtained from Sigma. Disulfide bond reduction of recombinant TLP8 and binding with BG were determined with (i) oxidants (10 mM dehydroascorbate, 10 mM sodium tetrathiocynate, 5 mM DTT oxidized, 25 mM GSSG, and 20 mM H 2 O 2 ) and reductants (10 mM GSH, 5 mM reduced DTT, 20 mM β-mercaptoethanol, and 20 mM sodium ascorbate); (ii) the NADP/GSH system composed of 10 mM GSH and 2.25 μg yeast glutathione reductase; (iii) the Trx/DTT system consisting of 5 μg Trx and 1 mM reduced DTT; (iv) the NADP/NTR system consisting 7.5 μg NTR, 0.25 mM NADPH, and 5 μg Trx. Untreated protein without binding (TLP8 RP) was used as control. Redox treatment was carried out for 30 min at room temperature in 150 μL of recombinant TLP8 followed by binding with 2.5 mg BG for 30 min, and RP-BG binding was assessed by ELISA as described above.
